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ABSTRACT 

Observations  of  solar  ganma  rays  by  the  Solar  Maximum 
Mission  (SMM)  have  demonstrated  that  energetic  protons  and  ions 
are  rapidly  accelerated  during  the  impulsive  phase.  In  order  to 
understand  the  acceleration  mechanisms  for  these  particles,  we 
have  studied  the  characteristics  of  the  gamma-ray  line  flares 
observed  by  SMM.  Because  we  discovered  that  the  gamma-ray  line 
flares  emit  very  intense  hard  X-rays,  we  have  also  studied  very 
intense  hard  X-ray  flares  without  detectable  gamma-ray  lines. 
The  following  characteristics  distinguish  gamma-ray  line  flares 


from  otheQLlares:-) 

*4$  Intense  hard  X-ray  and  microwave  emissions' 

•Sffi  Delay  of  high-energy  hard  X-rays' 

JJ?)  Emission  of  type  II  and/or  type  IV  radio  bursts^ 

Flat  bard  X-ray  spectra  (average  power-law  index: 
3.1).  — U.  : _ 
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The  aajority  of  the  gaaaa-ray  line  flares  shared  all  these 
characteristics,  and  the  reaainder  shared  at  least  three  of 
thea.  Aaong  gaaaa-ray  line  flares  «e  have  found  positive 
correlations  between  the  following  pairs  of  quantities: 
durations  of  spike  bursts  and  spatial  sises  of  flare  loops;  and 
delay  tiaes  and  durations  of  spike  bursts. 


characteristics  of  gamma-ray  lub  flubs 


L.  XBTBOOOCIIOB 

Energetic  protone  end  heavy  ione  accelerated  in  aolar 
flarea  produce  gaaaa  raya  by  interacting  in  the  aolar  atnoephere 
(Lingenf el  ter  and  Raaaty  1967;  Raaaty,  Kozlovsky,  and 
Lingenf alter  1975).  Therefore,  by  obaerving  aolar  gaaaa  raya, 
we  can  obtain  inforaation  on  the  acceleration  and  interaction  of 
theae  particlea.  The  Gaaaa  Ray  Spectroaeter  (GRS)  waa  inetalled 
on  the  Solar  Maxiaua  Miaaion  (SMM)  to  do  juat  that.  Until  late 
1981  SHM  obaerved  gaaae-ray  linea  froa  more  than  ten  flarea 
(Rieger  1982),  and  observed  several  aore  guana-ray  line  flares 
during  the  first  half  of  1982  (Share  i t  jQ.  1982),  exceeding 
aodest  pre-launch  expectations. 

One  of  the  iaportant  results  eaerging  froa  these 
observations  is  that  protona  and  heavy  ions  are  rapidly 
accelerated  during  the  iapulsive  phaae  (Forreat  et  al.  1981; 
Chupp  1982;  Chupp  ±1  al.  1982).  Zt  waa  known  froa  earlier 
obaervationa  (Chupp  it  jJ,.  1973;  Hudson  et  al.  1980;  Prince  it 
al.  1982)  that  protons  and  heavy  ions  are  accelerated  during  the 
iapulsive  phaae,  but  the  rapidity  of  acceleration  is  a  discovery 
aade  by  SMM.  At  least  in  soae  flares,  the  characteristic  tiae 


for  ion  acceleration  scobs  to  be  as  short  as  a  few  seconds 
(e.g.,  Forrest  at  al.  1981;  Chupp  at  al.  1982). 

Until  recently,  it  was  widely  accepted  that  protons  and 
heavy  ions  as  wall  as  relativistic  electrons  are  accelerated 
during  the  second  phase  of  a  flare,  which  is  manifested  by  type 
II  and  IV  radio  bursts  observed  several  minutes  after  the 
impulsive  phase  (Wild,  Smerd,  and  Weiss  1963;  de  Jager  1969; 
Svestka  1976;  Bai  and  Ramaty  1976).  This  view  was  gleaned  from 
the  association  of  energetic  protons  observed  in  the 
interplanetary  medium  with  type  12  and  IV  radio  bursts. 
However,  recent  observations  of  solar  gamma  rays  make  the 
conventional  view  no  longer  tenable,  requiring  developments  of 
new  ideas  and  interpretations  (Chupp  1982;  Bai  1982). 

The  purpose  of  this  paper  is  to  show  that  gamma-ray  line 
flares,  as  a  group,  possess  characteristics  that  set  them  apart 
from  non-gamma-ray  line  flares.  Such  a  study,  using  the  large 
number  of  gamma-ray  line  flares  now  identified,  can  yield 
valuable  insight  that  is  not  obtainable  from  studying  the  few 
gamma-ray  line  flares  observed  before  the  launch  of  SMM.  The 
emphasis  of  the  study  was  on  bard  Z-ray  emissions,  because  from 
them  we  can  obtain  information  on  nonthermal  electrons,  which 
are  believed  to  carry  a  large  fraction  of  the  total  flare 


energy.  First  of  all,  we  studied  the  herd  X-ray  fluxes  observed 
by  the  Hard  X-Ray  Burst  Spectrometer  (HUBS;  cf.,  Orvig,  Dennis, 
and  Frost  1980)  snd  found  that  the  gamma-ray  line  flares  are 
very  intense  hard  X-ray  flares.  For  comparison,  we  also  studied 
the  14  most  intense  hard  X-ray  flares  observed  during  1980  with 
HXRBS  that  did  not  emit  observable  guma-ray  lines.  He  studied 
the  general  morphology  of  hard  X-ray  time  profiles,  and  we 
searched  for  delays  of  the  high-energy  hard  X-rays,  which  are 
interpreted  as  an  indication  of  "second-step"  acceleration  (Bai 
and  Ramaty  1979;  Bai  1982;  Bai  et  el.  1983b).  In  addition  to 
hard  X-rays,  we  studied  type  IX  and  IV  radio  bursts,  and 
microwave  and  H  a  emissions  associated  with  the  flares. 

II.  CHARACTERISTICS  OF  GAMMA-RAT  LIME  FLARES 

A.  Gamma-lay  Lina  Flares  and  Hard  X-ray  Fluxes 

The  characteristics  of  sll  gamma-ray  line  flares  used  in 
this  study  are  given  in  Table  1.  All  of  these  flares  were 
observed  with  GRS  and  HXRBS  on  8MM  during  1980  and  1981.  8ome 
of  these  flares  have  been  discussed  in  the  litersture  (e.g., 
Forrest  JlL  ll*  1981;  Chupp  1982,  1983;  Chunn  et  al.  1982,  1983). 
A  complete  list  of  gsmma-rsy  line  flares  observed  by  SMM  until 
the  end  of  1981  is  given  in  Figure  3  of  Rieger  (1982).  In 


addition  to  tha  tan  g anna-ray  lina  flaraa  idantifiad  by  Rieger, 
va  add  to  the  list  two  nora  flares  that  occurred  on  1961  October 
7  and  14.  Binotori  detected  ganna-ray  lines  fron  both  flares 
(Yoahiaori  ±1.  1963),  and  tha  1981  October  7  flare  vas  later 
identified  as  a  ganna-ray  line  flare  by  the  GR8  group  (Share  at 
al.  1982).  Ve  think  that  6R8  did  not  detect  a  significant  flux 
of  2.2-MeV  line  photons  fron  the  October  14  flare  because  it  was 
a  linb  flare  and  because  SMM  was  eclipsed  after  observing  only 
the  first  80  s  of  the  inpuls ive  phase. 

Ve  have  not  included  in  tbia  list  of  ganna-ray  line  flares 
those  flares  that  showed  no  resolved  ganna-ray  line  enission  but 
did  show  an  excess  counting  rate  in  the  4-7  MeV,  even  though 
this  excess  has  been  interpreted  to  be  of  nuclear  origin  (see 
Chupp  1982;  Ranaty  ji-  1982).  The  reason  for  onitting  these 
flares  is  as  follows:  Protons  and  heavy  ions  with  relatively 
low  energy  (4  “  10  MeV/nucleon)  can  produce  ganna-ray  lines  in 
the  4-7  MeV  range;  but  in  order  to  produce  the  2.2  MeV  line, 
higher-energy  (several  tens  of  MeV/nucleon)  particles  are 
necessary  (Ranaty,  Koslovsky,  and  Lingenfelter  1975). 
Therefore,  detection  of  the  2.2  MeY  line  is  a  sure  indication 
that  a  large  nuaber  of  protons  and  ions  are  accelerated  to 
enegies  >  10  MeV/nucleoo. 


The  hard  X-ray  eharaetariatica  of  tha  gaaaa-ray  liua  flaraa 
vara  determined  froa  tha  BUBS  observations.  First,  we 
datarained  tha  peak  hard  X-ray  counting  rates  aaasurad  by  HXRB8, 
using  tha  HXRBS  event  listing  (Dennis  ££,  gi.  1983).  Wa  found 
that  all  tha  gaaaa-ray  line  flares  produced  hard  X-ray  aaissions 
with  HUBS  peak  count  rates  >  7300  counts  s“*  (all  but  two 
flares  were  >  10*  counts  s"*).  Figure  1  shows  the  nuabar  of 
hard  X-ray  events  observed  during  1980  and  1981  versus  tha  HXRBS 
peak  rate.  The  shaded  portion  indicates  tha  nuaber  of  these 
flares  that  are  also  gaaaa-ray  line  flares.  As  can  be  seen, 
intense  hard  X-ray  flares  are  likely  to  be  gaaaa-ray  line 
flares.  Conversely,  gaaaa-ray  line  flares  are  generally  intense 
hard  X-ray  flares.  Therefore,  if  we  study  only  the  gaaaa-ray 
line  flares,  unwittingly  we  aay  end  up  finding  the 
characteristics  of  very  intense  hard  X-ray  flares — the  so-called 
"big  flare  syndrone"  (Kahler  1982a).  Thus,  it  is  necessary  also 
to  study  non-gaaaa-ray  line  flares  with  peak  HXRBS  rates  >  10* 
counts/s.  During  1980,  14  such  flares  were  detected.  We  chose 
to  use  these  14  flares  as  a  comparison  group,  and  their 
characteristics  are  given  in  Table  2. 
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B.  lard  X-ray  Tiaa  Profiles 

The  first  tvo  flares  froa  which  geaaa-ray  lines  were 
detected  (Chupp  et  el.  1973)  occurred  on  1972  August  4  and  7. 
The  hard  X-ray  emission  froa  these  flares  lasted  more  than  10 
ainutes,  and  such  flares  were  dubbed  extended-burst  flares 
(Hoyng,  Brown,  and  van  Beek  1976).  The  B  a  classifications  of 
these  flares  are  3B.  The  next  well-observed  gamaa-ray  line 
flare  was  also  an  extended  hard  X-ray  burst  and  a  2B  flare 
(Hudson  it  1980).  Froa  such  observations,  it  was  inferred 
that  gaaaa-ray  lines  are  aore  likely  to  be  produced  in  flares 
which  are  extended  both  teaporally  and  spatially.  The  first 
gaaaa-ray  line  flares  observed  by  SKM  ran  counter  to  this 
notion,  and  this  fact  has  been  well  publicized  (Chupp  1982; 
Forrest  it  «i-  1981).  Because  we  investigate  12  gaaaa-ray  line 
flares  in  this  paper,  we  can  determine  whether  there  are  general 
properties  in  the  hard  X-ray  tiaa  profiles  of  these  flares. 

Figure  2  shows  the  hard  X-ray  tiaa  profiles  of  the  gaaaa- 
ray  line  flares,  plotted  with  the  ssae  time  scale.  He  chose  the 
X-rays  in  channels  6  -  8  of  BXRBS,  corresponding  to  an  energy 
range  that  varied  froa  114  -  183  keV  in  February  1980  to  140  - 
226  keF  in  Deceaber  1981  (Dennis  it  ii«  1983).  He  chose  these 
channels  because  in  the  lower  energy  channels  contributions  froa 


a  slowly  varying  component  ere  substantial.  This  low-energy 
component  is  interpreted  to  be  thermal  radiation  by  a  very  hot 
(>  2  z  10*  K)  plasma  (Bai  and  Orwig  1983).  In  Figure  2  we 
arranged  the  time  profiles  roughly  in  order  of  impulsiveness 
instead  of  in  chronological  order.  In  the  most  impulsive 
events,  the  durations  of  individual  bursts  are  less  than  10  s. 
On  the  other  hand,  in  the  least  impulsive  events,  the  burst 
durations  are  longer  than  2  minutes.  In  the  extreme  case  of  the 
1981  April  26  flare,  one  gradual  burst  lasted  more  than  10 
minutes.  By  analyzing  the  gamma-ray  line  flares  observed  by 
Hinotori,  Yoshimori  et  al.  (1983)  concluded  that  there  are  two 
classes  of  gamma-ray  line  flares— impulsive  and  gradual. 
However,  we  get  a  different  impression  from  Figure  2.  Although 
the  durations  of  the  spikes  span  two  orders  of  magnitude,  they 
seem  to  be  quite  evenly  distributed,  instead  of  being  clustered 
around  preferred  values. 

C.  The  Delay  of  Higb-Haergy  Hard  X-Rays  in  Gamma-Ray  Line  Flares 
Bai  gt  ii,.  (1983b)  emphasised  the  fact  that  the  delays  of 
high-energy  hard  X-rays  had  all  been  observed  from  gsmma-ray 
line  flares  or  proton  flsres.  From  this  fact  these  suthors 
proposed  that  a  second-step  nechsnism  sccelerstes  both  gsmma-ray 
producing  protons  and  mildly  relativistic  electrons.  Therefore, 
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we  searched  for  delay*  of  high-energy  hard  X-r*ys.  We  visually 
inspected  the  coaputer-generated  tiae  profiles  of  different 
energy  bands  by  superposing  then.  This  aethod  turns  out  to  be 
very  efficient  and  effective,  because  we  can  easily  look  at  the 
tiae  profiles  in  arbitrary  detail  down  to  the  detector 
resolution  0.128  s.  It  wss  our  practice  to  study  the  tiae 
profiles  of  the  following  five  energy  bands:  band  1  (ch.  1-2: 
30  -  59  keV),  band  2  (cb.  3  -  5:  59  -  135  keV),  band  3  (ch.6  - 
8:  135  -  218  keY),  band  4  (ch.  9  -  11:  218  -  310  keV),  band  5 
(ch.  12  -  15:  310  -  521  keV).  Ve  found  delays  of  high  energy 
hard  X-rays  froa  aoat  of  the  gaaaa-rsy  line  flares.  The  delay 
tiae  usually  increases  with  X-ray  energy.  In  aost  of  the  gaaaa- 
ray  line  flares,  the  tiae  profile  of  band  1  is  doainated  by  the 
slowly-varying  theraal  coaponent  (cf.  Figs.  3  and  4);  therefore, 
in  these  cases  the  delay  is  estiaated  with  respect  to  the  tiae 
profile  of  band  2.  For  soac  cases  when  the  tiae  profile  of  band 
2  is  also  doainated  by  the  low-energy  coaponent,  the  delay  is 
estiaated  with  respect  to  the  tiae  profile  of  band  3.  The  delay 

t 

discusaed  below  is  that  of  the  band  5  tiae  profile  with  respect 
to  that  of  band  2,  unless  otherwise  indicated. 


Ixaaples  of  delays  are  shown  in  Figures  5-7.  Figure  5 
shows  tha  tiae  profiles  of  the  first  of  the  three  bursts  of  the 


1981  February  26  flare.  A  delay  of  *  1  *  can  be  seen  here  for 
the  216  -  309  keV  X-rays.  Figure  6  shows  an  example  of 
intermediate-range  delays.  The  delay  of  the  218  -  311  keV  X- 
rays  is  about  6  s.  Figure  7  shows  the  time  profiles  of  the  1981 
April  26  flare,  from  which  the  longest  delay  is  found.  Ve  can 
find  from  these  figures  that  the  delays  are  due  to  the  shifts  of 
the  whole  time  profiles  along  the  time  axis.  The  high-energy 
time  profiles  start  somewhat  later,  peak  later,  and  decay  later 
than  the  low-energy  time  profiles.  In  spectral  evolution,  this 
trend  shows  up  as  flattening  of  the  hard  X-ray  spectrum  with 
time  throughout  individual  bursts. 

In  addition  to  visual  inspections,  we  also  estimated  the 
delays  by  calculating  cross-correlation  functions  ior  some 
flares.  The  results  are  given  in  Table  3.  The  delays  estimated 
from  visual  inspections  are  in  agreement  with  these  results  to 
within  30  percent.  Except  for  the  1981  April  26  flare,  we 
calculated  cross-correlation  functions  with  respect  to  the  time 
profiles  of  channels  3-5  because  of  the  dominant  contribution 
from  the  slowly  varying  component  to  the  flux  in  channels  1-2. 
In  the  following  we  discuss  the  results  of  our  search  for 
delays,  flare  by  flare  in  order  of  appearance  in  Figure  2. 
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(1)  1980  Jane  7  flare 

This  is  the  nost  spiky  (impulsive)  event,  with  spike 
durations  of  less  then  10  seconds.  There  was  no  apparent  delay 
of  high-energy  hard  X-rays.  However,  interestingly,  the  4-6 
MeV  gamma-ray  time  profile  exhibits  a  2-s  delay  (Chupp  1982;  Bai 
1982).  Also,  the  17  GHz  microwave  time  profile  shows  about  a  1- 
s  delay  with  respect  to  the  hard  X-ray  time  profiles  (Kane  e£ 
al.  1983).  Because  the  17  GHz  microwaves  are  mainly  produced  by 
relativistic  electrons  (Bai  and  Ramaty  1976),  the  delay  of  the 
microwaves  indicates  that  the  relativistic  electrons  were 
probably  delayed  in  this  flare.  Kiplinger  et  jl.  (1983)  have 
suggested  that  the  2-s  delay  of  the  4-7  MeV  gamma  rays  may 
result  from  a  second,  harder  peak  appearing  in  each  individual 
burst. 

(2)  1980  Jaly  1  flare 

This  is  also  a  very  spiky  event.  There  was  no  apparent 
delay  in  the  main  feature  of  the  flare,  but  we  found  delays  in 

the  spike  bursts  that  occurred  during  the  decay  phase  of  the 

* 

flare.  For  the  burst  centered  around  1627:55  DT,  the  time 
profile  of  band  4  (134  -  216  keV)  showed  a  1.3-s  delay;  for  the 
burst  centered  around  1628:25  DT,  a  3.8-s  delay.  The  time 
profile  of  band  5  is  too  noisy  to  estimate  the  delay. 


(3)  1981  February  26  flare 

The  tine  profiles  for  this  event  consist  of  three 
conspicuous  spike  bursts.  For  the  first  spike,  the  time  profile 
of  band  4  is  delayed  by  0.8  s  with  respect  to  that  of  band  2 
(Fig.  4).  The  time  profile  of  band  5  is  too  noisy.  There  is  no 
apparent  delay  for  the  second  and  third  spikes. 

(4)  1980  June  21  flare 

No  apparent  delay  of  high-energy  hard  X-rays  is  found  from 
this  flare.  However,  the  35  GHz  microwave  time  profile  is 
delayed  by  *  2  i  with  respect  to  the  hard  X-ray  time  profiles 
(Nakajima,  Kosugi,  and  Xai  19 82).  Also,  the  tiae  profile  of  the 
gamma-ray  continuum  above  10  MeV,  which  is  probably  due  to 
bremsstrahlung  of  relativistic  electrons  (Ramaty  al.  1983), 
is  delayed  by  about  5  s  (Rieger  1982). 

(5)  1981  September  7  flare 

The  tiae  profile  consists  of  one  main  burst  (2223  -  2223:40 
0T),  with  several  less  intense  bursts  following  it.  In  the  main 
burst,  the  delay  is  not  obvious  upon  visual  inspection  because 
the  tiae  profiles  of  high-energy  channels  are  quite  noisy. 
Calculating  the  correlation  functions,  however,  we  find  a  delay 
that  increases  with  energy.  The  delay  for  channels  12  -  15 


(349  ~  528  keV)  is  “  1.5  s.  The  hard  X-ray  spectrum  flattened 
■onotonically  during  the  aain  burst  in  a  aanner  consistent  with 
such  a  delay. 

(6)  1980  Korea ber  6  flare 

This  event  consists  of  two  aajor  spikes.  For  the  first 
spike  we  found  a  1-a  delay;  for  the  second  spike,  a  2-s  delay. 
These  delays  were  obtained  by  coaparing  the  tiae  profile  of  band 
3  with  that  of  band  5.  Delays  calculated  frou  cross-correlating 
are  given  in  Table  3. 

(7)  1981  October  14  flare 

This  event  consists  of  two  spikes,  a  saall  spike  followed 
by  a  large  one.  For  the  large  spike,  the  tiae  profile  of  band  5 
is  delayed  by  3.5  s  with  respect  to  that  of  band  2.  For  the 
saall  spike,  we  could  confira  a  delay  of  a  few  seconds,  but  we 
could  not  estiaate  the  delay  accurately  because  of  the  proxiaity 
of  the  large  spike  burst. 

(8)  1981  April  1  flare  * 

This  event  consists  of  three  intervals  of  hard  X-ray 

eaission.  In  the  first  interval  there  are  two  spike  bursts,  and 
the  delay  for  this  interval  is  ”  5  s.  In  the  second  interval 
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there  is  one  major  burst,  with  minor  ones  preceding  and 
following  it.  In  the  major  burst  we  found  a  5-s  delay.  In  the 
first  burst  (peaking  at  0150:30  UT)  of  the  third  interval,  we 
found  a  5-s  delay.  In  the  main  burst  of  the  third  interval,  we 
found  an  8-s  delay. 

(9)  1981  October  7  flare 

This  was  a  limb  flare.  There  are  three  spike  bursts  in  the 
time  interval  between  2255:40  UT  and  2257:40  DT  (Fig.  3).  The 
delay  time  for  these  three  spikes  is  about  5  a.  The  delay  for 
the  two  small  spike  bursts  peaking  at  about  2258:00  UT  and 
2258:30  UT  is  about  2  a.  The  time  profile  after  2259  UT 
consists  of  three  or  four  spike  bursts.  The  first  two  of  these 
are  easily  seen  in  Figure  2;  the  delay  time  for  them  is  about  10 
s.  The  remaining  two  spike  bursts  (centered  around  2301:10  UT 
and  2301:30  UT)  are  seen  in  the  time  profiles  of  lower  energy 
bands  but  are  not  obvious  in  the  time  profile  shown  in  Figure  2. 
For  this  very  reason,  the  delay  for  these  bursts  could  not  be 
estimated  visually.  The  delays  averaged  over  the  entire 
impulsive  phase  are  given  in  Table  3. 
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(10)  1981  April  10  flare 

This  tine  profile  can  be  divided  into  two  prominent 
structure*.  It  is  difficult  to  estimate  visually  the  delay 
times  for  the  first  structure,  because  it  consists  of  4  to  5 
spike  bursts,  the  relative  strengths  of  which  change  with 
energy.  The  second  structure  is  dominated  by  a  spike  burst 
peaking  at  1651:10  UT,  and  the  delay  time  for  this  burst  is 
about  10  s  (Fig.  6). 

(11)  1981  April  27  flare 

Hard  X-ray  (10  -  36  keV)  imaging  of  this  limb  event  by 
Hinotori  (Tsuneta  & C  al.  1982)  shows  that  the  source  is  located 
12,000  km  above  the  limb.  A*  far  as  the  bard  X-ray  time  profile 
is  concerned,  this  flare  is  quite  similar  to  the  gamma-ray  line 
flares  of  1972  August  4  and  7.  However,  unlike  the  latter 
flares,  it  produced  neither  a  strong  interplanetary  shock  nor  a 
high  flux  of  interplanetary  protons.  This  extended  burst 
consists  of  many  spike  bursts,  some  of  which  are  close  to  each 
other  and  some  of  which  are  well  separated  in  time.  For  the 
structure  between  0806:30  DT  and  0809:50  OT,  no  delay  is  found. 
For  the  structure  between  0810  DT  and  0812  DT,  it  is  about  7  s. 
Between  0812  and  0814:40  DT,  it  is  10  s;  between  0816:30  and 
0819  DT,  3  s. 


14 


(12)  1981  April  28  flax* 

This  flara  occurred  in  tha  saaa  active  region  as  the  April 
27  flare.  This  flare  is  unusual  in  several  respects.  First, 
the  hard  X-ray  eaission  of  this  flare  is  one  of  the  longest  in 
duration.  The  hard  X-ray  eaission  started  at  ~  1100  0T  and 
lasted  until  1155  UT,  when  SMM  went  into  the  Barth's  shadow. 
Second,  the  iapulsiveness  of  the  hard  X-ray  eaission  varied  with 
tiae.  The  hard  X-ray  eaission  tiae  profile  is  quit*  spiky  until 
1133  UT,  after  which  it  is  very  gradual.  Only  the  latter  part, 
during  which  gaaaa  rays  were  observed,  is  shown  in  Figures  2  end 
7.  Third,  the  delay  tiae  is  the  longest:  The  delay  of  the  311 
-  511  keV  hard  X-rays  with  respect  to  the  30  -  59  keV  hard  X- 
rays  is  as  large  as  2  ain  (cf.  Fig.  7  and  Table  3).  Fourth,  the 
aicrowave  eaission  was  extreaely  intense  (10,000  sfu  at  9  GHs); 
and  when  noraalised  with  respect  to  the  hard  X-ray  flux,  it  is 
the  largest  aaong  the  flares  studied  in  this  paper.  Such  long- 
duration,  gradual  bard  X-ray  bursts  are  rarely  observed,  and  all 
of  thea  (occurring  on  1969  March  30,  1971  Deceaber  14,  and  1972 
July  22)  were  high  coronal  sources  (~  20,000  ka),  judging  froa 
the  liab  occultation  (Frost  and  Dennis  1971;  Hudson  1978b; 
Hudson,  Lin,  and  8tewart  1982).  Froa  this  we  can  infer  that  the 
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bard  Z-ray  emission  of  this  flare  probably  emanated  from  the 
high  corona.  We  plan  to  study  this  flare  in  further  detail. 

D.  The  Delay  of  High-Xnargy  Bard  X-Rays  in  Mon-Camma-Ray 

Line  Flares 

We  searched  for  delay  of  high-energy  hard  X-rays  from  the 
non-gamma-ray  line  flares  in  a  manner  similar  to  that  described 
above.  Among  the  14  non-gamma-ray  line  flares  that  we  have 
studied,  we  found  high-energy  hard  X-ray  delays  from  only  two 
flares,  which  occurred  on  1980  May  21  and  July  21 — about  1-s 
delay  for  the  former  and  about  2-s  delay  for  the  latter. 

X.  Hard  X-Ray  Spectra 

It  is  well  known  that  the  hard  X-ray  spectrum  is  not 
constant  but  changes  with  time  during  a  typical  flare  (e.g., 
Kane  and  Anderson  1970;  Hoyng  et  si.  1976).  Large  changes  of 
spectral  shape  usually  occur  during  the  very  early  part  of  the 
impulsive  phase  or  during  the  decay  part,  and  during  the  rest  of 
time  the  hard  X-ray  spectral  shape  changes  relatively  little.  In 
order  to  see  whether  the  hard  X-ray  spectra  of  gamma-ray  line 
flares  are  different  from  the  spectra  of  non-gamma-ray  flares, 
we  did  the  following:  First,  for  each  flare  we  took  one  interval 
around  the  maximum  of  the  time  profile  of  energy  band  3  (135  - 


218  keV).  Second,  ve  accumulated  X-ray  count a  for  this  interval 
and  fitted  the  results  with  a  power-law  photon-energy  spectrum, 
deleting  channels  1,  2,  and  15.  As  we  mentioned  earlier,  for 
aany  flares  the  bard  X-ray  counts  of  the  first  two  channels  are 
doainated  by  contributions  from  a  very  hot  thermal  component 
(see  Lin  £t  jal.  1981;  Bai  and  Orwig  1983),  and  the  width  of 
channel  15  is  not  well  known.  For  most  cases  a  single  power-law 
spectrum  provides  good  fits  to  the  data,  although  in  some  cases 
exponential  spectra  provide  better  fits  (e.g.,  Dennis  ££  al. 
1981;  Kiplinger  et  al.  1983).  The  resultant  spectral  indices 
are  presented  in  Tables  1  and  2.  In  obtaining  these  spectra,  ve 
made  pulse  pileup  corrections,  which  are  important  when  the 
counting  rates  exceed  1  “  3  x  104  counts  s'*1  (Datlowe  1975, 
1977). 

Comparing  the  spectral  indices  given  in  Tables  1  and  2,  we 
find  that  the  bard  X-ray  spectra  of  gamma-ray  line  flares  are  on 
the  average  flatter  than  those  of  non-gamma-ray  line  flares. 
The  average  spectral  index  of  the  gamma-ray  line  flares  is  3.2, 
and  the  standard  deviation  is  0.5.  The  average  spectral  index 
of  the  non-gamma-ray  line  flares  is  4.3,  and  the  standard 
deviation  is  0.7.  The  average  spectral  indices  of  these  two 
populations  are  separated  by  about  the  sum  of  the  standard 
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deviations,  which  means  that  the  separation  is  statistically 
significant.  The  spectral  indices  given  here  are  generally 
somewhat  smaller  than  those  given  in  the  earlier  paper  (Bai  et 
al.  1983a)  because  in  the  earlier  work  we  did  not  delete 
channels  1  and  2  for  spectral  fits. 

7.  Kadio  Bursts,  Ha  Classes,  and  Other  Phenomena 

Originally,  good  associations  of  type  II  and  IV  radio 
bursts  with  proton  flares  led  to  the  idea  that  protons  are 
accelerated  during  the  second  phase  of  flares  (Vild,  Smerd,  and 
Weiss  1963;  de  Jager  1969;  Svestka  1976).  Although  we  now  know 
that  nuclear  gamma  rays  are  observed  during  the  impulsive  phase, 
we  searched  for  type  II  and  IV  radio  bursts  associated  with  the 
flares  studied  in  this  paper,  using  the  Solar  Geophysical  Data. 
The  results  are  tabulated  in  Tables  1  and  2.  We  see  a  sharp 
contrast  between  gamma-ray  line  flares  and  non-gamma-ray  line 
flares.  All  but  two  flares  produced  type  II  radio  bursts,  and 
all  but  three  flares  produced  type  IV  radio  bursts.  On  the 
other  hand,  only  three  of  the  non-gamma-ray  line  flares  are 
associated  with  type  II  and  IV  radio  bursts. 

H  a  classifications  of  the  flares  are  also  given  in  the 
tables.  The  H a  classes  of  the  gamma-ray  line  flares  range  from 
importance  S  to  3,  but  we  do  not  see  any  obvious  difference 
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between  the  two  groups  of  flares.  Subfleres  were  not  expected 
to  produce  gaaaa-ray  lines. 


The  aicrowsve  flux  densities  aessured  at  “  9  GHz  are  also 
given  in  the  tables.  We  find  here  that  all  the  gaaaa-ray  line 
flares  produced  very  intense  aicrowaves. 

The  hard  X-ray  start  tiae  is  defined  as  the  tiae  when  the 
flux  of  energy  band  3  (135  -  220  lceV)  be  coses  10  percent  of  the 
aaxiaua  flux  for  the  first  tiae.  The  hard  X-ray  end  tiae  is 
defined  siailarly.  The  duration  of  bard  X-ray  eaission,  which 
is  denoted  as  D  in  Tables  1  and  2,  is  the  interval  between  the 
bard  X-ray  start  tiae  and  the  end  tiae.  This  duration  is,  in 
general,  considerably  saaller  than  the  duration  given  in  Dennis 
et  al.  (1983).  The  durations  given  in  Tables  1  and  2  cover  a 
range  of  aore  than  an  order  of  aagnitude,  but  we  cannot  find  any 
clear  trend  separating  the  gaaaa-ray  line  flares  froa  the  other 
flares. 

III.  SOMMAIY  AID  DISCOSSIOR 

A.  fluaaarv 

The  characteristics  of  the  gaaaa-ray  line  flares  discussed 
in  the  preceding  section  are  suaaarised  below. 


(1)  jau  iitmi  feisi  feyi  aalaaiasg*  Except  for  tvo 
((■■a-rij  line  flares,  the  peak  fluxes  observed  by  HXRBS  exceed 
10*  counts  s"1.  Of  about  4,300  solar  flares  detected  with  HXRBS 
through  the  end  of  1981,  only  40  flares  had  peak  rates  >  10* 
counts  a-1. 

(2)  Pels?  of  hixh-eoerxT  herd  X-tsn:  Delays  are  found 
froa  aost  gaaaa-ray  line  flares. 

(3)  Tvae  11  end  IV  redie  bursts;  Such  radio  bursts  are 
observed  froa  aost  gaaaa-ray  lines  flares. 

(4)  flat  herd  1-rev  spectre;  The  hard  X-ray  spectra  of 
the  gaaaa-ray  line  flares  are  on  the  average  flatter  than  those 
of  the  non-gaaaa-ray  line  flares. 

(3)  TerT  intense  aicrowave  eaissions:  For  all  the  gaaaa- 
ray  line  flares,  the  peak  flux  density  at  9  GHz  is  >  500  sfu. 
(For  all  but  two,  it  is  >  1000  sfu.) 

These  are  the  characteristics  that  distinguish  gaaaa-ray 
line  flares  froa  the  others.  Most  gaaaa-ray  line  flares  exhibit 
all  of  the  above-aentioned  characteristics,  and  all  of  thea 
exhibit  at  least  three.  The  non-gaaaa  ray  line  flares  we  have 


chosen  to  study  in  this  pspsr  srs  sll  very  intense  herd  X-rsy 
flares  (HXHBS  peak  rate  >  10^  counts  e~*).  By  selection,  they 
ell  share  the  first-mentioned  characteristic,  but  generally  they 
do  not  exhibit  many  of  the  other  characteristics.  Among  the 
non-gamma-ray  line  flares,  only  the  1980  May  21  flare  exhibits 
all  the  characteristics  of  gamma-ray  line  flares.  Considering 
that  its  hard  X-ray  flux  is  relatively  low  and  its  duration  is 
short  (cf.  Table  2),  this  flare  could  have  been  a  weak  gamma-ray 
line  flare. 

H  a  importance  of  gamma-ray  line  flares  ranges  from  S  to 
3,  and  from  H  a  data  only  there  is  no  way  of  distinguishing 
gamma-ray  line  flares  from  others.  However,  when  we  use  the  Ha 
importance  as  an  indication  of  the  sise  of  the  flare  loop,  we 
find  an  interesting  point.  There  seems  to  be  a  correlation 
between  the  duration  of  spike  bursts  and  the  spatial  sise  of  the 
flare.  The  flares  near  the  top  of  Table  1  (flares  with  short- 
duration  spike  bursts)  are  of  H  ex  importance  class  S  or  1, 
indicating  small  flare  loops.  The  flares  near  the  bottom  of 
Table  1  are  of  H  a  class  2  or  3,  except  the  limb  flare  of  1981 
October  7,  for  which  the  H  a  importance  is  not  a  good  indication 
of  flare  sise.  Por  this  limb  flare  as  well  as  another  limb 
flare  of  1981  April  27,  Hinotori  imaging  results  show  that  hard 
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X-ray  (17  -  40  k«V)  emissions  cone  from  high  (  >  10,000  km)  in 
the  corona.  The  1981  April  26  flare  it  of  only  Ha  importance 
2,  but  thit  flare  above  all  the  characterittica  of  very  high 
coronal  X-ray  eourcea — gradual  rite  and  fall  of  hard  X-ray  flux, 
long  duration,  and  no  rapid  variation  of  hard  X-ray  flux  (aee. 
Frost  and  Dennir  1971;  Hudaon  1978;  Hudson,  Lin,  and  Stevart 
1982;  Bai  1982).  Therefore,  ve  can  aee  a  trend:  the  size  of 
Che  flare  loop  increases  as  ve  move  dovnvard  in  Table  1. 

There  seems  to  be  a  correlation  betveen  the  delay  time  and 
the  duration  of  spike  bursts  of  each  flare.  In  Table  1  the 
flares  are  arranged  roughly  in  order  of  decreasing 
impulsiveness— flares  vith  the  most  spiky  time  profiles  at  the 
top  and  the  ones  vith  the  longest  bursts  at  the  bottom.  As  ve 
can  see,  the  flares  near  the  top  sbov  no  apparent  delay  or  only 
short  delays,  and  the  delay  time  shovs  a  trend  of  increase 
tovard  the  bottom. 

B.  Piscassion 

First  of  all,  the  fact  that  gamma-ray  line  flares,  as  a 
group,  possess  a  distinct  set  of  characteristics  suggests  that 
gamma-ray  producing  protons  are  not  abundantly  accelerated  in 
all  flares.  If  all  flares  produce  gamma-ray  lines  and  only  the 
CKS  detector  threshold  effect  distinguishes  the  gamma-ray  line 
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flares  from  the  rest,  we  do  not  expect  the  gamma-ray  line  flares 
to  exhibit  distinct  characteristics.  All  the  flares  studied  in 
this  paper  (see  Tables  1  and  2)  have  peak  HX&BS  count  rates 
greater  than  7500  ct  s~^.  But  this  hard  X-ray  flux  threshold 
did  not  make  these  flares,  as  a  group,  possess  distinct 
characteristics.  Only  when  we  separate  the  gamma-ray  line 
flares  do  they  exhibit  a  distinct  set  of  characteristics. 
Therefore,  we  can  conclude  that  only  in  a  small  fraction  of 
flares  does  a  mechanism  (or  mechanisms)  accelerate  protons  to 
gamma-ray  producing  energies.  We  can  learn  more  about  this 
mechanism  by  expanding  on  the  above-mentioned  characteristics, 
point  by  point. 

First,  the  intense  hard  X-ray  fluxes  of  the  gamma-ray  line 
flares  are  probably  due  to  the  following  two  threshold  effects — 
the  GRS  threshold  for  detection  of  lines  and  a  threshold  flare 
energy  for  proton  acceleration.  If  there  is  some  correlation 
between  the  hard  X-ray  flux  and  the  gamma-ray  line  flux — the  big 
flare  syndrome  (Kahler  1982a),  flares  producing  detectable 
gamma-ray  line  fluxes  are  more  likely  to  produce  intense  herd  X- 
ray  emissions.  If  proton  acceleration  is  a  secondary  result  of 
the  large  amount  of  energy  release  (see  Lin  and  Hudson  1976; 
Hudson  1978a),  gamma-ray  lines  are  to  be  observed  only  from 
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flares  with  large  energy  release.  The  fact  that  the  gamma-ray 
line  flares  show  a  set  of  distinct  characteristics  indicates 
that  the  detector  threshold  effect  is  not  the  sole  cause  of  the 
intense  hard  X-ray  fluxes  of  the  gamma-ray  line  flares. 

Second,  the  delay  of  hard  X-rays  is  an  indication  that  a 
second-step  mechanism  accelerates  (mildly)  relativistic 
electrons  (Bai  and  Ramaty  1979).  The  fact  that  the  hard  X-ray 
delays  are  predominantly  found  from  gamma-ray  line  flares 
suggests  that  the  second-step  mechanism  also  accelerates 
protons.  Note  here  that  the  gamma-ray  time  profiles  are  in 
general  also  delayed  with  respect  to  the  low-energy  hard  X-ray 
time  profiles  (Gardener  £t  al..  1981;  Rieger  1982;  Yoshimori  et 
al.  1983).  One  can  explain  the  hard  X-ray  delays  with  a  trap 
model  (Bai  and  Ramaty  1979;  Vilmer  ,gt  al..  1982),  but  the  trap 
model  is  not  compatible  with  other  observations  (Bai,  Kiplinger, 
and  Dennis  1983;  Bai  and  Orwig  1983).  In  the  trap  model,  the 
bulk  of  the  energy  of  nonthermal  electrons  is  originally 
deposited  in  a  trap  region  with  densities  of  order  of  few  times 
10M  cm~3,  but  various  SMM  observations  indicate  the  bulk  of  the 
energy  is  deposited  in  the  chromosphere  (Hoyng  e£  al.  1981; 
Antonucci  et,  a^,.  1982;  Acton  e^aU  1982). 
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Third,  the  aeeociation  of  type  II  and  IV  radio  bursts  with 
the  gamma-ray  line  flares  is  very  interesting.  Type  II  and  IV 
radio  bursts  are  believed  to  be  produced  during  the  second  phase 
by  shocks  in  the  high  corona.  By  extrapolating  the  propagation 
of  type  II  shocks  backward  in  time,  one  can  infer  that  these 
shocks  originate  during  the  impulsive  phase  at  the  flare  site 
(e.g.,  Wild,  Smerd,  and  Veiss  1963;  Maxwell  and  Dryer  1981). 
The  finding  that  type  II  and  IV  radio  bursts  occurring  in  the 
high  corona  are  associated  with  the  phenomena  taking  place 
during  the  impulsive  phase  (gamma-ray  production  and  high  energy 
hard  X-ray  delay)  is  much  stronger  evidence  that  type  II  shocks 
originate  during  the  impulsive  phase.  But  it  is  still  not  well 
understood  how  and  when  progenitors  of  type  II  shocks  are 
produced.  It  is  also  not  well  understood  whether  the  progenitor 
is  a  shock  in  the  flare  loop  or  a  disturbance  that  later 
develops  into  a  shock  in  the  corona.  If  it  is  a  shock  in  the 
flare  loop,  we  do  not  know  how  it  escapes  instead  of  being 
confined  in  the  loop.  But  because  MBD  shocks  are  known  to  be 
good  accelerators,  it  is  tempting  to  say  that  type  II  shocks 
start  as  shocks  in  the  flare  loop.  Bai  ii.ll*  (1983b)  proposed 
as  a  second-step  mechanism  a  first-order  Fermi  process  by  shocks 
propagating  in  the  flare  loop. 
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Fourtb,  the  flatter  hard  X-ray  spectra  of  gamma-ray  line 
flares  may  be  due  to  either  of  two  effects.  First,  the  electron 
spectrum  (consequently,  the  hard  X-ray  spectrum)  becomes  flatter 
for  the  gamma-ray  line  flares  because  of  the  second-step 
acceleration.  Second,  flatter  hard  X-ray  spectra  indicate  that 
the  primary  (first-step)  mechanism  accelerated  a  relatively 
larger  number  of  high  energy  electrons  and  also  a  larger  number 
of  high-energy  protons.  Therefore,  for  flares  with  flatter  hard 
X-ray  spectra  larger  numbers  of  protons  are  injected  for  the 
second-step  acceleration.  The  fact  that  flares  with  no  second- 
step  bard  X-ray  delays  (such  as  the  ones  on  1980  June  7  and  21) 
have  flat  spectra  favors  the  second  possibility. 

Fifth,  the  apparent  correlation  between  the  flare  loop 
lengths  and  the  duration  of  spike  bursts  can  be  explained  by  the 
following  scenario.  If  energy  is  stored  over  the  volume  of  the 
entire  flare  loop  and  is  released  in  a  localized  region,  the 
energy  release  time  (spike  burst  duration)  is  likely  to  be 
correlated  with  the  size  of  the  loop  (e.g.,  Sturrock  1980). 

Sixth,  we  can  speculate  that  the  correlation  between  the 
delay  times  and  the  loop  size  is  due  to  the  following  scenarios. 
According  to  Bai  si  Al*  (1983b),  the  characteristic  time  for  the 
second-step  acceleration  is  the  transit  time  of  a  shock  through 


the  flare  loop.  Ia  this  model,  it  is  necessary  to  scatter  pitch 
angles  of  energetic  electrons  in  order  for  the  second-step 
■echanism  to  accelerate  efficiently;  therefore,  if  the  loop 
length  is  smaller  than  the  mean  free  path  for  pitch  angle 
scattering  for  electrons,  the  second-step  mechanism  would  not 
work  for  energetic  electrons.  In  this  view,  for  the  gamma-ray 
line  flares  thought  to  have  short  loops  (the  ones  near  the  top 
of  Table  1),  the  loop  lengths  are  shorter  than  the  mean  free 
path  for  electron  scattering  but  longer  than  those  for  energetic 
protons. 

Is  there  a  need  for  a  second-step  acceleration,  in  addition 
to  the  observations  discussed  in  this  paper?  The  answer  is  yes. 
First,  the  energy  spectrum  of  protons  and  that  of  electrons  of  a 
given  flare  are  drastically  different.  At  low  energies  (-  300 
keV),  energetic  electrons  are  much  more  numerous  than  energetic 
protons  (cf.  Canfield  et  al..  1980);  on  the  other  hand,  at  high 
energies  (>  1  MeV)  energetic  protons  are  much  more  numerous  than 
energetic  electrons  (Ramaty  e£  al.  1980,  1983).  This  is  very 
difficult  to  explain  with  a  single  acceleration  mechanism. 
Second,  it  is  well  known  that  certain  acceleration  mechanisms 
are  efficient  for  particles  above  threshold  energies,  which  are 
often  called  "injection  energies.”  Such  is  the  case  for  Fermi- 
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type  accelerations  (Ginzburg  and  Syrovatakii  1964)  and  for  the 
stochastic  acceleration  proposed  by  Sturrock  (1974).  On  the 
other  hand,  a  dc  electric  field  or  a  low-frequency  electric 
field  can  promptly  accelerate  particles  to  low  energies,  but  the 
maximum  energy  is  limited  by  the  potential  drop.  It  is  hard  to 
imagine  the  existence  of  a  potential  drop  much  larger  than  1  MeV 
in  solar  flare  sites.  For  these  reasons  Bai  (1982)  proposed, 
before  analyzing  the  SMH  gamma-ray  line  flares  in  detail,  that  a 
second-step  acceleration  is  responsible  for  both  gamma-ray 
producing  protons  and  (mildly)  relativistic  electrons 

It  is  appropriate  to  discuss  here  the  recent  work  on  proton 
flares  (Kahler  1982b;  Oliver,  Kahler,  and  McIntosh  1983). 
Kahler  (1982b)  discusses  the  evidence  that  not  all  the  type  II 
events  that  occurred  in  magnetically  well-connected  regions  are 
associated  with  proton  flares.  We  can  make  an  analogous 
conclusion:  not  all  the  type  II  events  are  associated  with 
gamma-ray  line  flares.  Type  II  events  occur  much  more 
frequently  than  gamma-ray  line  flares  or  proton  flares.  In 
terms  of  Ha  classifications,  there  seems  to  be  a  slight 
difference  between  gamms-rsy  line  flares  and  proton  flares. 
Less  than  10  percent  of  the  proton  flares  (4  of  52)  are  sub¬ 
flares  (S  class),  whereas  one-third  of  the  gsmma-ray  line  flares 


1 


(4  of  12)  are  sub-flares.  Because  the  sample  numbers  are  small, 
ve  cannot  draw  a  strong  conclusion  from  this;  nevertheless,  this 
difference  should  be  studied  in  the  future.  The  big  difference 
between  the  proton  flares  and  the  gamma-ray  line  flares, 
however,  is  in  the  strength  of  the  impulsive  phase.  All  the 
gamma-ray  line  flares  have  a  very  intense  impulsive  phase:  their 
peak  HXR8S  rates  are  the  highest  (>  7,500  counts/s)  and  their 
peak  flux  densities  at  about  9  GHz  are  greater  than  500  sfu 
(mostly  >  1000  sfu).  On  the  other  hand,  many  proton  flares  show 
weak  impulsive  phases:  of  the  46  proton  flares,  17  flares 
produced  9  GHz  microwaves  with  peak  flux  density  of  less  than 
1000  sfu,  and  8  flares  less  than  100  sfu  (Oliver,  Kahler,  and 
McIntosh  1983).  In  addition  to  these,  even  for  gamma-ray  line 
flares  occurring  in  magnetically  well-connected  regions,  there 
seems  to  be  little  correlation  between  the  gamma-ray  line 
intensity  and  the  interplanetary  proton  flux  (e.g.,  von 
Roaenvinge,  Ramaty,  and  Reames  1981;  Pesses  e,t  i_l.  1981; 
Yoshimori  jjLt  il*  1983).  These  differences  between  gamma-ray 
line  flares  and  proton  flares  may  be  due  to  different 
acceleration  mechanisms  or  may  simply  be  due  to  different 
magnetic  field  configurations.  If  some  magnetic  field  lines  in 
the  acceleration  region  are  connected  to  the  interplanetary 
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Medium,  accelerated  proton*  and  relativistic  electrons  are  more 
likely  to  escape,  making  gamma-ray  production  and  microwave 
emission  less  efficient. 

As  mentioned  in  the  introduction,  the  flares  which  produced 
excess  gamma  rays  in  the  4-7  MeV  region  but  did  not  produce  a 
significant  flux  (>  2  sigma)  of  2.2-MeV  line  photons  have  not 
been  regarded  as  gamma-ray  line  flares  in  this  study.  Three  of 
the  flares  in  Table  2  are  such  flares.  The  inclusion  of  them  in 
Table  1  will  not  change  the  conclusions  of  this  paper,  although 
they  do  not  seem  to  share  the  important  characteristics  of 
gamma-ray  line  flares. 

In  conclusion,  the  fact  that  gamma-ray  line  flares  exhibit 
characteristics  that  distinguish  them  from  other  flares  means 
that  the  acceleration  mechanism  for  protons  and  heavy  ions  with 
energy  >  10  MeV/nucleon  is  different  from  the  primary 
acceleration.  The  fact  that  delay  of  high-energy  hard  X-rays  is 
mainly  observed  from  gamma-ray  line  flares  indicates  that  the 
same  mechanism  (or  mechanisms  of  the  same  origin)  accelerates 
both  mildly  relativistic  electrons  and  gamma-ray  producing 
protons.  This  mechanism,  which  is  called  the  second-step 
mechanism  (Bai  and  Ramaty  1979;  Bai  1982;  Bai£t,,al.  1983b),  is 


still  not  claimed  to  be  known,  although  aeveral  candidates  have 
been  proposed. 
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TABLE  1 

SMM'V-RaT-  Line-Flarea 


Date 

Hard 

X-ray 

Start 

Time 

D 

(a) 

HXRBS 

Peak 

Rate 

(cts 

a-1) 

Ha 

(1) 

Loca¬ 

tion 

Radio 

Bursts 

(2) 

II  IV 

Delay 

(a) 

Hard 

X-Ray 

Spectral 

Index 

Peak  Flux 
Density 
at  9  GHz 
(sfu) 

6/07/80 

0312:10 

60 

39000 

SN 

N14W70 

2 

1 

- 

2.8 

500 

7/01/80 

1626:50 

180 

27000 

SB 

S12W38 

3 

2 

1.3 

3.1 

1200 

2/26/81 

1424:40 

120 

23000 

SB 

S13E53 

- 

- 

0.8 

3.2 

850 

6/21/80 

0118:20 

60 

141000 

(IB) 

N17W91 

2 

3 

- 

2.0 

1370 

9/07/81 

2223:00 

40 

8500 

SB 

N10E27 

3 

- 

1.5 

3.0 

1100 

11/06/80 

0344:40 

>420 

155000 

2B 

S12E72 

3 

3 

2.0 

3.2 

5000 

10/14/81 

1705:30 

>130 

44000 

(IB) 

S06E90 

2 

2 

3.5 

3.1 

2700 

4/01/81 

0134:00 

1200 

12000 

3B 

S43W52 

3 

2 

8 

3.4 

4800 

10/07/81 

2255:40 

>480 

34000 

(IB) 

S13E90 

2 

- 

10 

3.1 

9500 

4/10/81 

1646:20 

>600 

12000 

3B 

N03W38 

3 

2 

10 

3.7 

1680 

4/27/81 

0805:00 

1320 

56000 

(2B) 

N16W90 

2 

2 

11 

3.4 

11000 

4/26/81 

1144:20 

>660 

7800 

2B 

N12W74 

- 

3 

120 

3.4 

10000 

(1)  Parentheses  indicate  limb  flares. 

(2)  Numbers  indicate  intensity  classifications  (1:  <  50  sfu;  2:  ~  500  sfu; 
3:  >  500  sfu),  and  short  horizontal  bars  indicate  no  report  in  SGD. 
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Peak 

HXRBS 

Hard 

Flux 

Hard 

Peak 

Radio 

X-Ray 

Density 

Date  X-Ray 

Rate 

Bursts 

Spec- 

at 

4-7 

Start 

D  (cts 

Ha  Loca- 

(1) 

Delay 

tral 

9  GHz 

NeV 

'  Time 

(s)  s_1) 

tion 

II  IV 

(s) 

Index 

(sfu) 

Excess 

(1)  Humber*  indicate  intensity  classifications  (1:  <  50  sfu;  2:  "  500  sfu; 
3:  >  500  sfu),  and  short  horizontal  bars  indicate  no  report  in  SGD. 

(2)  Late  observation  at  0307  UT. 

(3)  Rieger  (1982)  reported  that  these  flares  produced  a  4  -  7  NeV  excess; 
however,  a  more  detailed  analysis  shows  otherwise  (Cbupp  and  Forrest  1983, 
private  communication). 
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TABLE  3 
Delay  of  Hard 


Dace 

Window 

Tine 

Ch.  1-2 
(29-58 
keV) 

Ch.  3-5 
(58-134 
keV) 

Ch.6-8 

(134-216 

keV) 

Ch.  9-11 
(216-308 
keV) 

Ch.  12- 
(308-51 
keV) 

1981  Feb  26 

1424:40 

“1424:54 

- 

0 

0.1 

0.9 

- 

1981  Sep  07 

2222:45 

“2224:13 

0 

0 

0.5 

1.4 

1.5 

1980  Nov  06 

0344:40 

“0348:55 

- 

0 

0.5 

1.2 

2.2 

1 

1 

0133:40 

“0136:20 

-0.8 

0 

1.8 

2.7 

5.4 

1981  Apr  01 

1 

1 

0144:20 

“0147:40 

_ 

0 

0.3 

2.6 

3.3 

1981  Oct  07 

2255:00 

“2302:40 

- 

0 

1.0 

2.7 

4.8 

1981  Apr  27 

0805:40 

“0819:40 

- 

0 

2.0 

4.0 

7.0 

1981  Apr  26 

1145:16 

“1147:14 

0 

27 

65 

105 

114 

FIGURE  CAPTIOUS 


Vigor*  1  Number  of  hard  X-ray  events  versus  HX&BS  peak  count 
rate  for  the  1980-1981  period.  During  this  period, 
about  4000  solar  hard  X-ray  events  were  observed  by 
BXRBS;  the  ones  shown  here  are  intense  events.  The 
horizontal  axis  represents  the  peak  count  rate 
measured  in  the  30  -  500  keV  range  by  HX&BS.  From  the 
shaded  area,  which  represents  the  gamma-ray  line 
flares,  we  can  see  that  the  gamma-ray  lines  flares  are 
very  intense  hard  X-ray  flares. 

Figure  2  Hard  X-ray  (135  218  keV)  time  profiles  of  gamma-ray 

line  flares.  It  appears  that  each  flare  has  a 
characteristic  duration  for  individual  bursts.  The 
time  profiles  are  arranged  from  most  impulsive  to 
least  impuslive.  We  find  that  the  characteristic 
duration  of  spike  bursts  changes  gradually  from  the 
first  to  the  lsst,  instead  of  there  being  two  groups — 
impulsive  and  gradual  flares.  For  some  flares  the 
decay  phase  was  not  observed  because  of  the  eclipse. 

Vigor*  3  Hard  X-ray  time  profiles  and  a  spectrum  of  ^he  1981 
October  7  flare.  We  note  here  a  couple  of  points. 


First,  we  find  delays  of  high-energy  hard  X-rays  when 
we  follow  the  guidance  of  two  vertical  lines.  Second, 
we  find  that  the  time  profile  of  30  -  59  keV  X-rays  is 
dominated  by  a  slowly  varying  component,  which  keeps 
increasing  after  the  high-energy  time  profiles  reached 
the  maxima.  SMM  did  not  observe  the  decay  phase 
because  of  the  eclipse  at  2302  OT. 

Figure  4  Hard  X-ray  spectra  of  the  1981  October  7  flare,  taken 
in  the  interval  2301:28  “  2302:15  UT.  Notice  the  low- 
energy  component  showing  up  as  excesses  over  the 
power-law  component.  This  low-energy  component  iB 
slowly  varying,  as  seen  in  Figure  3. 

Figure  5  Hard  X-ray  time  profiles  of  the  first  of  three  bursts 
of  the  1981  February  26  flare.  For  easy  comparison, 
the  time  profile  of  the  58  -  134  keV  band  (X0.02)  is 
shown  by  a  dashed  line  together  with  that  of  the  216  - 
309  keV  band.  Here,  we  can  visually  recognize  a  short 
delay  of  *  1  s. 

Figure  6  Hard  X-ray  time  profiles  of  the  1981  April  10  flare. 
Examples  of  intermediate  delays. 
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Figure  7  Hard  X- ray  tine  profiles  of  the  1981  April  26  flare. 

Examples  of  the  longest  delays.  Sudden  drops  at  1155 
DT  are  due  to  the  eclipse. 
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